Introduction
The NH3-SCR of NO is a widely-used method for the removal of NOx from stationary sources and a variety of suitable transition metal ion-exchanged zeolite catalysts has been developed. The NH3-SCR has also been investigated in recent years as an important candidate for treatment of exhaust fumes from diesel engines. Of the reported transition metal ion-exchanged zeolite catalysts, Fe-and Cu-loaded beta zeolite catalysts have received significant attention due to their high catalytic activity, with differences in the catalytic behaviour of the two catalysts being discussed. Rahkamaa-Tolonen et al. have investigated the NH3-SCR of NO over a number of transition metal ion-exchanged beta zeolite catalysts and found that the catalytic activity at temperatures lower than 400 decreased as follows: Fe Cu Ag H. The loaded metal species served as the active component for catalysing the oxidation of NO to NO2 1) . Colombo et al. have reported notable differences in the NH3 effect on the NH3-SCR activity between Fe-and Cu-loaded beta zeolite catalysts, namely a negligible effect of NH3 on the Cu-loaded zeolite and a severe inhibitory effect of NH3 on the Fe-loaded zeolite 2) . Fedeyko et al. have reported an investigation into the adsorption behaviour of NOx and NH3 over Fe-and Cu-loaded beta zeolites by means of an FT-IR technique. In the case of the Fe zeolite catalyst, NH3 molecules adsorbed on the Fe active sites that would catalyse the oxidation of NO to NOx species, and severely inhibited the overall NH3-SCR activity. In the presence of NH3, the IR bands assigned to surface nitrate/nitrite groups, which exhibit the high reactivity with NH3, were not observed. By contrast, an existence of the nitrate/nitrite groups was apparent for the Cu zeolite catalyst 3) . It has also been reported in the literature that the oxidation of NO to NO2 is the rate-determining step for the NH3-SCR over Fe-loaded zeolite catalysts 4)～8) and that the apparent reaction orders of NO and O2 are 1 and 0-0.5, respectively 4 
)～6)
. The presence of NH3 suppressed the oxidation of NO to NO2, leading to reduction in the NH3-SCR activity, with the apparent reaction order of NH3 being zero or of negative order. The inhibition effect of NH3 strongly indicates the possibility of NH3 adsorption onto the active sites 5), 9) , the reduction of a loaded metal 10) , or NH3 oxidation 6) . On the other hand, for Cu-loaded zeolite catalysts, several ratedetermining steps were proposed, such as NO oxidation to NO2 1), 11) , oxidative adsorption of NO 12) , or oxidation of Cu to Cu 2 13) . The inhibitory effect of NH3 was The kinetic study on the effect of O2 concentration in the selective catalytic reduction (SCR) of nitrogen oxide (NOx) by ammonia (NH3) was systematically carried out at temperatures below 200
over Fe-and Cu-loaded beta zeolites. The large difference was observed in the effect of O2 concentration over the two catalysts: for the Fe-loaded beta zeolite, the NO conversion increased considerably with the O2 concentration. On the other hand, for the Cu-loaded beta zeolite, increasing the concentration of O2 did not have a significant impact. In addition, the temperature dependence of the apparent reaction orders was investigated. The apparent reaction order of O2 decreased with an increase in the reaction temperature, being 0.9 at 150 and 0.4 at 200 for the Fe-loaded beta zeolite, and 0.2 at 125 and 0.1 at 175 for the Cu-loaded beta zeolite. The fact that the degree of the reduction in the reaction order of O2 was consisted with that of the increase in the reaction order of NH3 when the reaction temperature was increased strongly suggests that adsorbed NH3 inhibits the adsorption of O2.
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Ammonia-SCR, Zeolite catalyst, Iron beta zeolite, Copper beta zeolite, Reaction order, Oxygen concentration not so severe 2),3),12),14), 15) . The apparent reaction orders of NO, O2, and NH3 were reported to be 1, 0.5, and zero, respectively 2), 12) . However, as NH3-SCR kinetic studies have been carried out under considerably different reaction conditions, it is difficult to compare directly and to discuss the differences in the catalytic mechanism for the two zeolite catalysts. In particular, there have been few comparative reports on the difference in the effect of O2 concentration between the two catalysts.
In this study, in order to obtain further information concerning the difference in the effect of O2 concentration between the Fe-loaded zeolite and the Cu-loaded zeolite, a systematic kinetic study on the reaction order was carried out.
Experimental

1. Preparation and Characterisation of Fe-and
Cu-loaded Beta Zeolite Catalysts The loading of Fe and Cu components onto beta zeolite was carried out by the incipient wetness and the ion-exchange methods, respectively. In general, the ion-exchange method is suitable for loading metal components with a good dispersion. For loading the Fe component, however, difficulties in the preparation of Fe-loaded zeolite with high ion-exchange degrees have been reported 16) . To investigate the influence of a wide range of metal content, therefore, the incipient wetness method was selected for the Fe-loaded zeolite.
All zeolite catalysts were prepared from the H-form of beta zeolite (Tosoh Corp., Si/Al 14, BET 600 m 2 /g). The Fe-loaded beta zeolite catalyst was prepared by the incipient wetness method as follows: an aqueous solution (3.4 mL) of Fe(NO3)3 (Kishida Chemical Co., Ltd., Japan) was added to the H-form zeolite (10 g) and mixed thoroughly in a ceramic mortar. The resultant wet powder was dried at 110 , followed by calcination at 500 for 1 h. By contrast, the Cu-loaded beta zeolite catalyst was prepared using the ion-exchange method. The same parent H-form zeolite (10 g) wa s a d d e d t o a n aq u e o u s s o l u t i o n (100 m L ) o f Cu(CH3COO)2 (Kishida Chemical Co., Ltd., Japan) and ammonia and stirred for 2 h at 60 . After filtration, the obtained solid product was dried at 110 and calcined at 500 for 1 h.
The contents of Fe and Cu and the Si/Al molar ratio in the prepared zeolite catalysts were determined using an inductively coupled plasma analysis (PerkinElmer Inc., USA, OPTIMA3300DV). Specific surface areas (BET) were measured by N2 adsorption. The N2 adsorption isotherm at 196 was performed using a conventional volumetric apparatus (Beckman Coulter Inc., USA, OMNISORP 360CX). Prior to adsorption measurements, the samples (approximately 0.1 g) were dried at 350 under vacuum for 2 h. The surface areas were calculated on the basis of 1 g of zeolite by assuming the Fe and Cu species in the calcined catalyst were present as Fe2O3 and CuO, respectively. The surface areas of loaded metals were assumed to be negligibly small.
NH3
Temperature-programmed Desorption (TPD) Analysis One hundred milligrams of sample (powder) was pre-treated under He flow at 500 for 1 h and then cooled to room temperature. NH3 adsorption was then performed by flowing a NH3(10 %)/He mixture through the sample bed at room temperature for 1 h. Afterwards, the system was purged with He at room temperature for 1 h and at 100 for 1 h. Thereafter, the TPD run was started from 100 to 500 at a heating rate of 10 /min in He flow. The gas composition was measured with gas chromatograph (Shimadzu Corp., Japan, GC-9A) equipped with thermal conductivity detector (TCD). The gas flow rate was fixed at 50 mL/min.
3. Temperature-programmed Reduction (TPR)
Analysis Samples (powder) were pre-treated under air flow (50 mL/min) at 500 for 1 h and then cooled to 100 . The system was purged with H2(3 %)/N2 (50 mL/min) at 100 for 0.5 h. Thereafter, the TPR run was started from 100 to 700 at a heating rate of 10 /min in H2(3 %)/N2 flow (50 mL/min). The gas composition was monitored with TCD (Shimadzu Corp., Japan, GC-9A).
4. NO TPD Analysis
Samples were pressed and sieved to 600-850 μm in diameter. Two hundred milligrams of sample was pretreated under N2 flow (100 mL/min) at 500 for 1 h and then cooled to room temperature. NO adsorption was then performed by flowing a NO(2.5 %)/N2 mixture through the sample bed at room temperature at a rate of 100 mL/min for 1 h. Afterwards, the system was purged with N2 (100 mL/min) at room temperature for 1 h and at 100 for 0.5 h. Thereafter, the TPD run was started from 100 to 700 at a heating rate of 10 /min in N2 flow (100 mL/min). The gas composition was monitored by FTIR (MIDAC Co., USA, I-4001-F).
5. SCR Activity Tests
The SCR activity measurements were carried out in a fixed-bed flow reactor under atmospheric pressure. Samples were pressed and sieved in order to retain agglomerates of 600-850 μm in diameter. Two hundred milligrams of catalyst was loaded between two layers of inert quartz wool. The reactant gas was composed of 40-310 ppm NO, 0-150 ppm NO2, 200-800 ppm NH3, 5-20 % O2, 1.5-4.5 % H2O and balance N2 (NO NO2 NH3 O2 H2O N2 100 %). The gas composition was based on the emissions from diesel engines. The total flow rates were fixed at 800 and 1600 mL・min -1 and the GHSV (gas hourly space velocity) values were 90,000 and 180,000 h -1 , respectively. During the experiments, the temperature decreased from 500 to 100 at 25-50 intervals. The concentrations of NO, NO2, N2O, and NH3 were analysed by FT-IR spectrometry (MIDAC Co., USA, I-4001-F).
The reaction kinetics were investigated at temperatures around 200 , based on the temperature of exhaust gas emitted from diesel engines (200-500 ). At higher reaction temperatures, the diffusion process is the rate-determining step and the catalytic activity is not so significantly different. That is to say, even if there are any differences in the catalytic activity among the prepared catalysts, no difference in the apparent reaction rate is observed. By contrast, at lower temperatures (around 200 ) the catalytic reaction is the rate-determining step and the difference in the catalytic activity affects the whole reaction rate.
Results and Discussion
1. Catalyst Characterization
The metal contents and the surface areas of Fe-and Cu-loaded beta zeolites are listed in Table 1 . The samples are labelled as Fe(n)/zeolite and Cu(n)/zeolite, where n is the metal content (wt%). The bulk Si/Al ratio (14) of the beta zeolites did not change after metal loading. For both catalyst samples, the surface area tended to decrease with an increase in the metal content, indicating blocking of zeolitic pores. Figure 1 shows the NH3-TPD profiles of H-form zeolite, Fe(1.9)/zeolite, and Cu(3.3)/zeolite. The desorbed amount was compared by removing the effect of the physically adsorbed NH3, which desorbed at around 200 . The desorption profiles were deconvoluted to two peaks assuming Gaussian peak shapes. The desorbed NH3 amounts of H-form zeolite, Fe(1.9)/zeolite, and Cu(3.3)/zeolite were 0.66, 0.61, and 0.74 mmol/gcatalyst, respectively. It was suggested that a part of aluminium was removed from the framework during the iron-loading process and that by contrast the dealumination hardly occurs during the copper-loading process. The maximum desorption peak around 400 over Cu/zeolite shifted toward lower temperature as compared with those of the Fe/zeolite and the H-form zeolite, suggesting the weaker NH3 adsorption on the Cu/zeolite. Figure 2 shows the H2-TPR profiles of Fe/zeolites and Cu/zeolites with different metal contents. The Fe/ zeolite exhibited one peak at ca. 400 , which is associated with the reduction of Fe 3 to Fe 2 . The reduction temperature was not dependent on the content of iron loaded. The Cu/zeolite exhibited two peaks due t o t h e r e d u c t i o n o f C u 2 t o C u a n d o f C u t o Cu(metal). Both reduction temperatures decreased with increasing the Cu content, which was consistent with results reported in the literature 17), 18) . For Culoaded catalyst, it is considered that the peak at lower temperatures is related to the redox behaviour between Cu and Cu 2 , which would catalyse the NH3-SCR 19) . Figure 3 shows the NO-TPD profiles of Fe(1.9)/ zeolite and Cu(3.3)/zeolite. Desorption of NO and NO2 together with a small amount of N2O (below 1 ppm, not shown) were observed. Two desorption peaks were observed for each component (NO and NO2). The peak at high temperature is due to the decomposition of nitrate (NO3 -) or nitrite (NO2 -) 20), 21) . The peak at low temperature is attributed to the weakly adsorbed NO and NO2. NOx (x 1) species would be formed during the adsorption process of NO 22) . Probably, disproportionate of adsorbed NO into N2O and NO2 proceeds 23) . From the fact that N2O species was hardly detected during the desorption and the purge processes, it might be concluded that generated N2O decomposed or desorbed before the processes. These results strongly indicate that a portion of NO molecules is adsorbed in an oxidized state. The desorbed amount of NOx (NO NO2) was 0.23 mmol/g-catalyst for C u (3. desorption temperatures of NO and NO2 from Cu(3.3)/ zeolite were higher than those from Fe(1.9)/zeolite, it can be concluded that NO molecules adsorb more strongly on Cu(3.3)/zeolite as compared to Fe(1.9)/zeolite. Figure 4 shows the NH3-SCR activities of Fe/zeolite and Cu/zeolite catalysts with various metal contents. The Cu/zeolite catalysts exhibited the higher NO conversions at low temperatures as compared to the Fe/ zeolite catalysts. However, the NO conversions on t h e C u / z e o l i t e c a t a l y s t s a t 500 w e r e l ow e r. Additionally, it was found that the NO conversion on the Cu/zeolite catalysts increased with the Cu content and became constant at 3 wt% of Cu.
2. NH3-SCR
On the other hand, for the Fe/zeolite catalysts, the NO conversion increased with the Fe content and reached a maximum value at 1-2 wt% of Fe. Although clear difference in the peak position of the maximum reduction temperature on H2-TPR profile was hardly observed among Fe-loaded zeolites with the Fe content 1-3 wt%, this indicates that the NH3-SCR activity is dependent on the amount of isolated Fe species. Excess Fe loading yields metal aggregates, thereby reducing the SCR activity 24)～26)
. As a result, optimisation of metal content is required for the preparation of a high performance metal-loaded zeolite catalyst. Therefore, Fe(1.9)/zeolite and Cu(3.3)/zeolite were selected in the following catalytic tests. Figure 5 shows the concentrations of NO, NH3, and N2O over Fe(1.9)/zeolite and Cu(3.3)/zeolite catalysts. The concentrations of NO and NH3 at low temperatures below 300 decreased in the similar trend. However, at high temperatures more than 400 , the considerable amount of unreacted NO was detected for the Cu/ zeolite in regardless of the detection of a trace amount .3)/zeolite (e), Cu(3.3)/zeolite (f), and Cu(7.4)/ zeolite (g). The reduction peaks corresponded to Cu 2 to Cu and to Cu to Cu(metal) were marked with ( ) and ( ), respectively. of NH3. NH3 would be oxidized by O2 and the NH3-SCR would not take place effectively 15) . The detection of N2O on the Cu/zeolite indicates the presence of side reaction 27) . In the following kinetic study, the reaction rate of the NH3-SCR was calculated using the Eq. (1):
where r is the total NH3-SCR rate (mol ・s
), rNO is the NO conversion rate (mol-NO s ・kg-cat -1 ). Since N2O is also consumed in the SCR, the exact evaluation of rN 2O is difficult. Here the detected N2O is assumed to be regarded as the whole N2O formed in the reaction.
In order to obtain further insight into the differences in reaction behaviour between the Fe/zeolite and the Cu/zeolite, the kinetic study focused especially on the reaction order. The concentrations of O2, NO, NH3, and H2O were varied systematically. Figures 6-9 show the concentration dependence of NH3-SCR activity. The positive O2 concentration dependence was observed for both catalysts (Fig. 6) ; namely, a remarkable increase in the reaction rate at the high O2 concentration for the Fe/zeolite catalyst, and only the slight enhancement for the Cu/zeolite catalyst. The reaction rate increased proportionally with the NO concentration (Fig. 7) for both Fe/zeolite and Cu/zeolite catalysts. As can be seen in Fig. 8 , however, the reaction rate decreased with the NH3 concentration although the degree of reduction differed between the two catalysts. The inhibition effect of NH3 over the Fe/zeolite was stronger than that over the Cu/zeolite 2) . H2O also showed the negative concentration dependence. The reaction rate decreased slightly at the high H2O concentration (Fig. 9) .
On the basis of these results, the apparent reaction orders of O2, NO, NH3, and H2O were determined by the log-log plots of the gas concentration and the reaction rate (r), as seen in Fig. 10 . The apparent reaction orders were defined by the Eq. (2):
where r is the NH3-SCR reaction rate (mol ・s
), C is the concentration (ppm), k1 is the apparent rate constant, and a, b, c and d are the apparent reaction orders of NO, NH3, O2, and H2O, respectively. To avoid the mass transfer resistance, for the most part NO conversions were set to be less than 30 % except for NO conversions over Cu(3.3)/zeolite at 175 . The temperature dependences of the apparent reaction orders of NO, NH3, O2, and H2O are summarised in Fig. 11 . The large difference in the apparent reaction order of O2 was observed between the Fe/zeolite and the Cu/ zeolite catalysts. For the Fe/zeolite catalyst, the reaction order of O2 decreased with an increase in the reaction temperature, being 0.9 at 150 and 0.4 at 200 . The reaction orders of NO and O2 at 200
were similar to the values reported in the literature (1 (NO) and 0.5 (O2)), suggesting that the rate-determining step in the present reaction conditions is the oxidation of NO. However, the reaction order of O2 at 150 significantly exceeded 0.5, suggesting a possibility of the different rate-determining step (described later). The apparent reaction order of NO in the Cu/zeolite case increased with the reaction temperature, from 0.6 (125 ) to 0.9 (175 ). On the other hand, the apparent reaction order of NO on Fe/zeolite decreased from 1.1 (150 ) to 0.8 (200 ). The low reaction order of NO for the Cu/zeolite catalyst is probably indicative of stronger NO adsorption, which is consistent with the result of the NO-TPD, as shown in Fig. 3 . The apparent reaction order of NH3 increased with the reaction temperature, although the degree of the increase was different between the two catalysts. The weaker inhibition effect of NH3 at higher temperatures suggests adsorption of NH3 on the active sites, which catalyse the NH3-SCR. The apparent reaction order of H2O slightly increased with the reaction temperature, from 0.3 (150 ) to 0.1 (200 ) for the Fe/zeolite and from 0.2 (150 ) to 0.1 (200 ) for the Cu/zeolite. However, the value of the apparent reaction order of H2O was hardly dependent on the kind of loaded metal. . The remarkable enhancement of the reaction rate is observed at the condition of NO2/NOx 0.5 (so called "fast SCR," NO NO2 2NH3 2N2 3H2O). Figure 12 shows the relationship between NOx conversion and the NO2/NOx (NOx NO NO2) ratio in the feed. The NOx conversion was calculated using the Eq. (3) NO conv outletNO outletNO outletN O inletNO
3) The marked enhancement of the NOx conversion on the Fe/zeolite was observed as compared to the Cu/zeolite 2), 3) . Taking into account the fact that the oxidation ability of the Cu/zeolite is higher than that of the Fe/ zeolite (the reduction temperature of Cu 2 to Cu (230 ) was lower than that of Fe 3 to Fe 2 (390 ), as shown in Fig. 2(f) and (b) .), it is reasonable to assume that NO2 is easily produced on the Cu/zeolite catalyst by oxidation of NO, resulting in only a small influence of additionally introduced NO2. Furthermore, increased N2O production occurred with increasing the NO2/NOx ratio on the Cu/zeolite. This side reaction also weakened the effect of NO2 addition.
Inhibition Effect of NH3 on O2 Adsorption
As described above, there were some differences in the reaction behaviour between the Fe/zeolite and the Cu/zeolite, notably, the reaction orders of O2 and NH3. The reaction order of O2 for the Fe/zeolite was higher than that for the Cu/zeolite. Low reaction orders of O2 are often observed for catalysts on which the loaded metal is easily oxidized or onto which O2 can easily adsorb. Taking into account the results of O2-TPD reported in the literature 29) , 30) and the standard enthalpy change of formation of metal oxides, Fe species adsorb O2 more strongly and tend to be oxidized more easily than Cu species, suggesting a lower reaction order of O2 for the Fe/zeolite catalyst. However, the opposite phenomenon was observed in the present work. Therefore, the difference in the reaction order of O2 would be attributed not only to the interaction between O2 and the catalyst but also to the presence of other gas components. Focusing on the temperature dependence of the reaction orders (Fig. 11) , the absolute value of the slope for O2 is almost the same as that for NH3 for both catalysts, implying that the reaction order of O2 is affected by the competitive adsorption of NH3 and O2. In other words, NH3 adsorbs strongly and exclusively on the Fe/zeolite, thus inhibiting O2 adsorption, while NH3 does not strongly inhibit O2 adsorption on the Cu/ zeolite. This is supported by the lower desorption temperature in the NH3-TPD curve of Cu/zeolite. Owing to limited data, we could not clearly explain the whole results at the present time. However, it is worth noting the possibility of competitive adsorption of NH3 and O2. Although the inhibition effect of NH3 on NH3-SCR has been widely reported 5),9),15), 31) , it has usually been attributed to the competitive adsorption of NH3 and NOx.
The high reaction order of O2 (above 0.5) for the Fe/ zeolite could be explained as follows. The SCR reaction over H-form zeolite is first order with respect to O2 concentration 31), 32) . Since the dissociative adsorption of O2 does not occur on H-form zeolite without a loaded metal, it is considered that molecular oxygen reacts directly with NO. In the case of the Fe/zeolite, as the strongly adsorbed NH3 might inhibit the dissociative adsorption of O2, molecular oxygen reacted directly with NO in a similar manner, resulting in the high reaction order of O2 at low temperatures.
The decrease in the reaction order of O2 at high temperature (200 ) over the Fe/zeolite catalyst can be rationalised by assuming that (a) there is an increase in the amount of molecular O2 on the catalyst surface that can react with NO, or (b) NO reacts with dissociatively adsorbed O2. In the present case, the assumption (b) appears plausible as N2O3 is thought to be the desirable intermediate on the NH3-SCR 4),33), 34) . Figure 12 also indicates that N2O3 would be the desirable intermediate over the Fe/zeolite even at 150 because the NO conversion has the maximum at NO2/NOx 0.5. Considering the assumption (b), N2O3 could be formed by the reaction of NO with NO2. However, in the assumption (a), nitrates would be formed instead of N2O3, and the formation of nitrates would be an undesirable reaction path.
4. Difference in Catalytic Behaviour between Fe/
Zeolite and Cu/Zeolite The similar reaction orders of NH3-SCR were observed for both the Fe-and the Cu-loaded zeolites, namely, about first order for NO, positive for O2 and negative for NH3 and H2O. This suggests that the basic reactions proceed in a similar manner on both catalysts 28) . As the reaction order of O2 was positive, the adsorbed O2 must be involved in the rate-determining step. In the step, the gaseous or the adsorbed NO reacts with the adsorbed O2 to form adsorbed NOx species. NH3 adsorbed on the catalyst surface would prevent adsorption of O2. This model is consistent with the observed adsorption behaviour of NOx and NH3 on metal loaded zeolite 3) . The main difference between two zeolite catalysts is the difference in the reaction orders of NH3 and O2. The reaction orders would reflect the strength of the NH3 adsorption, which inhibited the O2 adsorption. The interaction of the gases and catalysts were dependent on the kind of loaded metals.
From the experimental results with addition of NO2, it was also suggested that the high catalytic activity of the Cu/zeolite at low temperatures would be due to its high NO oxidation ability 1), 11) . However, in the case of a strong oxidizing agent like NO2, the Cu/zeolite not only loses its advantage but also shows lower catalytic activity due to undesired side reaction (N2O generation) as compared with the Fe/zeolite.
Conclusions
The kinetic study on the reaction order of NH3-SCR over Fe-and Cu-loaded zeolites was carried out systematically. From the results of the temperature dependence of the apparent reaction orders, it is found that the NH3-SCR is strongly inhibited by NH3 and accelerated by O2 over the Fe/zeolite. By contrast, only the slight inhibition by NH3 and the slight enhancement by O2 are observed for the Cu/zeolite. The inhibition effect of NH3 is due to the competitive adsorption of NH3 and O2. 
